in'which survival of human kidney cells (T-1) in vitro was measured after irradiation in both the oxygenated and anoxic state with various beams of fast neutrons, it was found that the oxygen-enhancement ratio (OER) is close to 1.6 for beams of quite widely distributed energies (fission spectrum up to 15 MeV monoenergetic) (1-3). That
OERis not dependent on neutron energy is puzzling at first glance, since the LET distributions as calculated by Bewley (4) vary significantly for beams of different energies. Also, it might be expected that the OER would rise as a, function of neutron energy, since the average LET of the recoil proton decreases at higher neutron enerco gies. The lack of variation can be explained qualitatively by the assumption that the higher-LET components (from a particles and heavy recoils) playa particularly prominent role in the biological damage process [as has already been suggested by Broerse et al. (3) and Bewley (5) ] .
In this paper we investigate this suggestion quantitatively by developing a semiphenomenological theory of cell survival, using data from "track segment" experiments by Barendsen et al. (1) where applicable (i. e., for the LETco range up to 2500 MeV cm 2 /g, which includes the proton and a-particle components), and by treating the heavy nuclear recoils separately. A similar study by Bewley (5), using a different approach to the survival calculation, resulted u:
only moderate success at reproducing the experimental values of OER.
In addition, if the OER values for neutrons thus calculated are close -2-
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to the experimental values, a similar calculation for IT should yield an OER close to the one that would be measured if pion beams of adequate intensity were available.
The interest in IT-beams stems from their possible suitability for use in tumor radiotherapy. They possess a combination of properties not shared by other radiation lTIodalities: favorable depth-dose characteristics,a high-LET contribution in the peak-dose region, and a predominance of low-LET components els ewhere (6) (7) (8) (9) (10) . Since many tumor's are known to contain hypoxic cells,' it is of interest to determine the extent to which pion radiation can overcome the oxygen effect.
FORM OF THE SURVIVAL EXPRESSION
The first step' in the de,-,elopm~nt of such a semiphenomenological theory is to select a consistent method of calculating survival curves.
A study by Todd (11) of the proliferative capacity of human kidney cells 
where, in the case of single-valued LET radiation, the exponents are 00 T'I(D'0"1) used heavier ions all at the saIne velocity and Barendsen used a particles at lower energies, the agreeInent is not so good. This lack of agreeInent is probably an example of the breakdown of LEToo as a universal paraIneter ,for specifying biological effect, as is to be discus sed in a subsequent paper.
GENERALIZATION OF THE SURVIVAL EXPRESSION TO ACCOMMODATE RADIATIONS WITH LET DISTRIBUTIONS
The absorbed dose produced by neutron and pion beaIns is composed of contributions froIn the various charged particles (protons, a particles, and heavy recoils) resulting froIn the nuclear interactions that the particles undergo in the medium. LET spectra for the various neutron beaIns used by Barendsen have been calculated by Bewley (4) and a siInilar spectrum has been calculated for stopping pions (10).
For particles having a range of energies characterized by differential energy spectra, dN/dE, at the dose point,. we have, for the exponents in equation 2,
.,-
where the summation is over the particle types having energy E. In the neutron case," for example, we have three terms,
]"
where p, a, and R denote protons, a particles, andheavy recoils, respectively. Expressing equation 4 as an integral over LET in-00 stead of over the energy, we have
where L . and L are the minimum and maximum LET promln max 00 duced by the radiation, and a(L) is assumed to be a universal function of L over the region of integration.
where F N(L) is the normalized LET distribution: S F N(L)dL = 1-Since the dose can also be defined
we can equate integrands in equation 6 and 7, obtaining
-6.;. Because it is possible that cross se'ctions obtained at high velocity are not relevant to lower-velocity ions of the same LET , the heavy 00 ;recoils were treated separately. It was assumed that a heavy recoil
(2 > 2) inactivated the cell if it traveled through the cell nucleus, and failed toinactivat~ if it traveled only in the cytoplasm. That is, the inactivation probability was as sumed to be unity for a recoil inside the cell nucleus and ze ro outside. In addition, it was assumed that this probability is oxygen-independent, i. The second exponent, TJ(D'0"2)' was changed only by setting L = 2500; max it was assumed that damage from heavy recoils was of the single-hit single-target type and that inactivation depended only on whether a -8-- UCRL-19456 recoil was inside the cell nucleus ..
NEUTRON SURvIvAL CURVES
A computer program was developed for the CDC 6600 wh~ch calculates survival curves for a given LET distribution for both the anoxic and oxygenated cases, using the analytical expressions for the cross sections given in Appendix I and the survival expressions given by equations 2, 8, and 9. Two neutron beams of energy 3 and 15 MeV were chosen. Monoenergetic .beams were selected so that P R could be readily calculated. This quantity is obtained from the expression Values of (J'Ri' <j>,and PR for the two neutron energies are given in Table   1 . All recoil production mechanisms, both elastic and inelastic, were included.
For the neutron irradiations, the recoils can be assumed to arise solely from \'.:ithin the nucleus of the cell, since the maximum range of hand, it appears that OER can be predicted adequat~ly even with the theory in its present crude form.
OER PREDICTION FOR NEGATIVE PIONS IN THE REGION OF THE AUGMENTED BRAGG PEAK
By use of the th,eoretical LET distribution (10) calculated from experimental data in wate r-impregnated nuclear emulsion (9), 'the survival curves can be calculated for a hypothetical exposure from a IT-, beam in the peak region of the augmented Bragg curve. The procedure for treating the recoils in this case is given in Appendix II. We note here that the range distribution of recoils from pion stars is broad enough so that a significant contribution to the inactivation arises from recoils which are produced in the cytoplasm and which subsequently ,,:';'1 .
• -11- UCRL-19456 deviation from experiment is expected to be comparable to that observed for neutro'ns. "it is reasonable to assume, however, that the OER predicted will be close to that which would be measured. The predicted OER' s for the "pure" and contaminated beams are shown in Table II .
LOW-DOSE LIMITING VALUES
Although the experimental survival curves for the neutron irradiations drop more precipitously with increasing dose than do the calculated curves (as seen in Fig. 3) , inspection of the very-law-dose region reveals that the initial slopes of the curves are in considerably better agreement. Since only ,,{D, (J 1) is important at low doses, we can neglect the second factor is equation 2 and assume a simple exponential curve given by exp [-" (D, (J 1)]. In particular, it is of interest to investigate the quantity ,,(D, (J 1)/D, which is the probability of inactivation per cell per rad. This is also the reciprocal of the initial D 37 ,
and is measure of the initial slope of the survival curve. The contributions to this quantity from the various components of the beams are also of interest. Table III presents The percentage contributions to cell inactivationfromthe various particles con"lposingthe' beams are presented in Table IV along with their percentage contributions to the absorbed dose for comparison.
It is interesting to note the' importance, of the a-particle contribution to cell inactivation ~y is-MeV neutron,s.
In contrast, the recoil contribution is les s for is-MeV neutrons than for3-MeVneutrons. It appears that it is the a-particle contribution at higher neutron energy that keeps the OER low. In pion irradiation the a particles play an even more significant role, contributing between 40 and SO% of the cell inactivation, while contributing less than 15% of the dose.
THE VARIATION OF OER WITH DEPTH THROUGH THE BRAGG PEAK OF A PION BEAM
It is interesting from the radiotherapeutic standpoint to estimate how the OER might vary through the peak region of a beam of stopping .. proportional" to the doses at the various depths. The depth-dose curve for this beam is shown in Fig. 9 . Also shown is the variation of OER through the peak region as calculated by the phenomenological theory described above. It drops sharply from around 3.0 to 2.2 as the region is entered, and then decreases to 1.8 at the end of the stopping region for this beam. The variation depends strongly on the shape of the incident energy spectrwn, and other variations can be produced by other energy s·pectra.· The lower limit of OER from this theoretical treatment is 1.54, calculated for "star" radiation only, with no contribution from pions still moving. Finally, the lowest curve is Fig. 9 shows the variation in density of pion stars through the peak dose region. to the calculation of the survival curves, probably account for thJ differences between his results and those reported here.
The importance to inactivation of the a-particle contribution in the is-MeV neutron beam is clearly seen iri Table IV. The results for the pion beams also indicate the importance of this component.
Thus. the specific conclusion can be drawn that the a-particle component dominates the inactivation in both the is-MeV neutron and pion irradiations and is a more important factor than even the heavy recoils in depressing the OER for both these irradiations. andn, the "extrapolation number," is set equal to 6.
2. By using a generalization ~f the sur~ival expression to accommodate an LET dist;ibution a~d an empirically determined dependenceqf cross section on LET up to 2500 MeV cmZ/g, and by treating the 
3; Agreement between experimental and theoretical OERls is better
than the agreement of the individual survival curves, suggesting that the effect causing the lack of sut-vival-curve ag reement cancels out in the OER calculation. One suggestion for the discrepancy is that proton inactivation cross sections may not be adequately approximated by the deuteron and a-particle "track segment" data. The results at low dose~ where the survival can be considered exponential, are probably more precise than at higher doses, where multiple events from the low-LET components playa more significant role in the inactIvation.
4. The a-particle component at high neutron energy is crucial in keeping the OER low, and is also very important in the inactivation and low OER expected for pion beams. The expressions used ,for 0"1 and 0"2 below an LEToo of 2500 MeV em / g are as follows: 
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We calculate first the number of recoils! cm 3 rad, P R' and then the additional effective volume (V ) due to recoils originating in the . c . .
icytoplasm and penetrating the cell nucleus. The inactivation prob-
I '
\ 'ability per rad from recoils can then be obtained for pions as shown in Table III We now calculate Per 1)' the probability that, given a recoil at a distance r 1 from the surface of ~ sphere of radius R( ~ 4fJ. here), the recoil will penetrate the surface .. Referring to From the work of Fowler and Mayes (9), we have the recoil integral range distribution produced by pion captures in oxygen, which we can normalizet() unity at zero range (actually 1fJ. was used, since shorter recoils could not be observed). This gives the ·probability P R (> r) that a recoil will travel at least a distance r in "wet emulsion. " This dependence is shown in Fig. 11 . Although "wet emulsion" has a density of 2.0, the greater stopping power of water when expressed in MeV cm 2 /g, probably cancels much of this effect. Thus, it was decided to use the integral range distribution in "wet emulsion"
directly as an approximation to the integral range distribution in tissue.
This assumption is, if anything, on the conservative side, and the recoil ranges are perhaps slightly underestimated. An additional assumption was made that the recoil range distributions from the other elements -22- UCRL-19456 in tissue do not differ significantly from the one measured for oxygen.
The other two important heavy elements in tissue--carbon and nitrogen--are close to oxygen in the periodic table, and thus might be expected to produce similar recoil range distributions. The experimental data to substantiate this as sumption, however, are lacking at present.
Iwe now calculate the f-ractional solid angle subtended by the sphere at a given r l' weighted by the probability that the recoil goe s at least a distance· r,
o . e .
where J>R(> r) is read from The curves are analytical expressions given in Appendix 1, constructed to fit Barendsen's a-particle and deuteron data (1). Table IV .. DBL 696-4702 
